ABSTRACT. We aimed to determine the resistance mechanisms of 27 T. pyogenes isolates from swine in the Jilin province of China. Drug sensitivity analysis indicated that most of the isolated strains were resistant to aminoglycosides. We investigated the genes involved in target alteration, drug inactivation, and increased efflux as potential resistance mechanisms. Two known aminoglycoside resistance genes (aphA1 and strB) were not found in the genomic DNA of any isolate. A 3-bp (CCC) deletion in one 16S rRNA operon was detected in all isolates, and efflux pumps were not active in the resistant group. Ultimately, genes encoding aminoglycosidemodifying enzymes carried by class 1 integrons were identified as the main cause of resistance to aminoglycosides in T. pyogenes.
doi: 10.1292/jvms. and they can capture and accumulate many antibiotic resistance genes from other bacteria [7] . Gram-negative bacteria primarily contain class 1 integrons, but they can also be found in a few gram-positive bacteria [3] . There are less than six gene cassettes in class 1 integrons [6] . In this study, the template DNA for polymerase chain reaction (PCR) was prepared and class 1 integrons were detected using PCR with specific primers from a previous study, as shown in Table 1 . Positive amplicons were purified and cloned for sequencing [18] . PCRs were carried out in a 25-µl volume containing 16.8 µl of PCR water, 1 µl of template DNA, 2.5 µl of 0.5 µM dNTP, 10× PCR buffer, 1 µM of each primer, and 0.2 µl of Taq polymerase (Takara, Otsu, Japan); the integrons were confirmed using sequencing.
Aminoglycosides-modifying enzyme genes may also play a key role in antimicrobial resistance. In this study, we evaluated the presence of three relevant aminoglycoside-resistant genes in the 27 T. pyogenes isolates, including aminoglycoside 3′-phosphotransferaseIII (aphA1), aminoglycoside 6′-phosphotransferase (strB), and acetyltransferase (aac(6')-Ib), using specifically designed primers, as shown in Table 1 .
One German study of Pasteurella multocida showed that 16S rRNA mutations can lead to high-level spectinomycin resistance [11] . However, there have only been a few studies conducted on spectinomycin resistance in T. pyogenes in China. Therefore, we designed primers to identify mutations in two 16S rRNA regions of T. pyogenes that confer resistance to aminoglycosides. The two pairs of specific primers for the 16S rRNA genes of T. pyogenes and PCR settings are shown in Table 1 . The PCR amplification system was the same as that used for the PCR of class 1 integron. The sequences were compared with the sequence of 2012CQ-ZSH [22] . Sequence analysis was performed using Molecular Evolutionary Genetics Analysis Version 6.0 (MEGA 6.0) software.
Bacterial resistance to antibiotics is a serious problem in healthcare. The existence of various types of efflux pumps is one of the important mechanisms of bacterial resistance. Efflux pumps can expel various antibiotics and promote mutation accumulation for acquired drug resistance by lowering the intracellular antibiotic concentration [17] . Efflux pump inhibitors can reduce biofilm formation in both Klebsiella strains and E. coli [14] . Efflux pump overexpression can be found in gram-positive bacteria such as methicillin-resistant Staphylococcus aureus [12] . In this study, drug-resistant strains were selected from isolates with high MIC values of gentamicin (≥16 µg/ml) and amikacin (≥64 µg/ml), and the MIC values were compared after mixing with the potent efflux pump inhibitors verapamil and carbonyl cyanide m-chlorophenyl hydrazones (CCCP). The appropriate concentrations (MIC/2) were added to each TSA plate containing CCCP and verapamil using the broth microdilution method and cultured at 37°C under 5% CO 2 for 24 hr.
As shown in Table 2 , the MIC values of five aminoglycosides antibiotics against all T. pyogenes isolates were determined. The MIC values of gentamicin, amikacin, spectinomycin, kanamycin and streptomycin for ATCC 19411 were 0.25, 0.5, 0.5, 0.5 and 1 µg/ml, respectively. Most isolates (74.1%) were resistant to amikacin, with MIC values in the range of 1-256 µg/ml, and 21 isolates (77.8%) were resistant to gentamicin. Spectinomycin and streptomycin showed the broadest range of activity (MIC: 1-256 µg/ml). Twenty isolates (74.1%) showed a kanamycin MIC of 8 µg/ml. These values are higher than those previously reported for T. pyogenes in China, which were collected from cows in Hohhtot, Inner Mongolia [13] . However, aminoglycosides have been traditionally used to treat animal diseases, and the overuse and misuse of aminoglycosides render T. pyogenes isolates highly resistant to this class of antibiotics. Sequencing analysis of gene cassettes conducted using Basic Local Alignment Search Tool (BLAST) showed that 59.3% (n=16) of the samples contained gene cassettes, including 2-5 genes for five kinds of arrays. The 
combinations of gene cassettes contributing to aminoglycoside resistance are shown in Table 3 ; all of the gene cassettes only exist in the resistant bacteria. The most prevalent gene cassette array detected was aadA1-catB3-dfrB4 (n=6) located in the variable region of class 1 integrons. We here report a novel arrangement in the integron structure of aac (6)'-IIc-blaOXA-10; this is also the first time that the blaOXA-10 gene has been described in T. pyogenes. Class 1 integrons were highly prevalent among the T. pyogenes isolates. With respect to strains that are resistant to aminoglycosides reported in China, one study detected gene cassettes of intI I in T. pyogenes isolates obtained from cows with endometritis, and found that most of the gene cassettes encode resistant determinants of aminoglycosides (aadA1, aadA5, aadA24, and aadB) [13] . However, some amikacin-resistant strains with high MIC values did not carry any aminoglycoside resistance genes in their gene cassettes. Aminoglycoside-modifying enzymes can be chromosomally encoded or plasmid-borne, and are more often encoded on transposable elements. Integrons, as mobile genetic elements, exist in both chromosomal and extra-chromosomal DNA and are able to capture resistance gene cassettes by a sitespecific recombination system [2] . We frequently detected a variety of gene cassettes encoding aminoglycoside-modifying enzymes in the isolates. Multiple aminoglycoside resistance genes (aadA1, aadA2, aacA4, aadA5, aac(6')-IIc and aac(6')-Ib) were carried by class 1 gene cassettes, which play important roles in the dissemination of aminoglycoside resistance. Furthermore, two relevant aminoglycoside resistance genes (aphA1 and strB) were not found in any of the T. pyogenes isolates, and only aac(6')-Ib was detected in two isolates; this result is in accordance with the gene cassettes of intI I detected in 27 T. pyogenes isolates from swine in the Jilin province of China. The 16S rRNA gene sequences of T. pyogenes isolates, including both the resistant and susceptible strains, were analyzed using MEGA 6.0. The results showed that both resistant and susceptible isolates harbored a 3-bp (CCCC) deletion (from nucleotide 98 to 100 in the locus compared to the reference strain 2012CQ-ZSH) in one rRNA operon of the 16S rRNA gene. However, there were no mutations detected in another rRNA operon. In addition, our results indicated that the MIC values of gentamicin and amikacin were not reduced in the presence of CCCP or verapamil. Therefore, the mechanism of the high-MIC group (MIC for gentamicin ≥16 µg/ml, amikacin ≥64 µg/ml) is not related to the efflux pump but instead involves the presence of aminoglycoside-modifying enzyme resistance genes carried by class 1 integrons.
The resistance issue of many bacteria has become a major threat to public health in humans [17] and animals. A case of spondylodiscitis caused by T. pyogenes in a veterinary surgeon was the first report of a zoonotic disease for this bacterium [9] . Therefore, we must attach importance to the resistance mechanism of T. pyogenes. The antimicrobial resistance of T. pyogenes has been poorly studied to date, especially for aminoglycosides. By contrast, most of the antimicrobial resistance research has focused on Enterobacteriaceae isolated from livestock animals [1] . In this study, we investigated three different resistance mechanisms (target alteration, drug inactivation, and increased efflux); thus, this is the first comprehensive report about resistance mechanisms to aminoglycosides of T. pyogenes in China. In conclusion, this study showed that the main drug resistance mechanisms of T. pyogenes involve the presence of aminoglycoside resistance genes carried by class 1 integrons.
Bacteria are frequently exposed to various antibiotics, which increases the potential for the acquisition and dissemination of antibiotic resistance genes [8] . The analysis of antimicrobial resistance gene cassettes in this study revealed that aminoglycoside resistance determinants (aadA1, aadA2, aacA4, aadA5, aac(6')-IIc and aac(6')-Ib) were prevalent among T. pyogenes strains 
a) Due to the lack of the breakpoints of spectinomycin, kanamycin and streptomycin, we considered the breakpoints for amikacin for these drugs.
isolated from the lungs of pigs. However, isolates showing high resistance to amikacin did not harbor aminoglycoside resistance genes in the gene cassettes. This could be attributed to the presence of other mobile genetic elements or unknown aminoglycoside resistance genes. OXA-type carbapenemases are frequently detected among Acinetobacter isolates [15] . This issue is worthy of further research because the blaOXA-10 gene belongs to the group of extended-spectrum beta-lactamases. Two T. pyogenes isolates with the blaOXA-10 gene showed higher MIC values of cefotaxime and imipenem compared to the other isolates. Therefore, the blaOXA-10 gene in gene cassettes was found to play a role in the drug resistance of cefotaxime and imipenem in this study.
Overall, the present findings send a strong warning about the usage of antimicrobial drugs in livestock production.
